Highly porous three-dimensional biodegradable scaffolds was obtained from beta-tricalcium phosphate-hydroxyapatite bioceramic (BCP), PCL, and Angiotensin-(1-7). We used the solvent casting and particulate leaching methods (SC/PL). The processed scaffolds were characterized by X-ray microtomography (µ-CT). Biocompatibility tests in vitro were performed during three and seven days using MTT and Alkaline Phosphatase Activity (APA) assays. Both the MTT activity and APA were evaluated using a one-way ANOVA test. The µ-CT results showed that the increase of the PCL:BCP weight ratio leads to structures with lower pore sizes. The pore interconnectivity of the processed scaffolds was evaluated in terms of the fragmentation index (FI). We observed that the obtained composites present poorly connected structures, with close values of FI. However, as the polymer phase is almost transparent to the X-rays, it was not taken into consideration in the µ-CT tests. The MTT activity assay revealed that scaffolds obtained with and without Angiotensin-(1-7) present mild and moderate cytotoxic effects, respectively. The APA assay showed that the rat osteoblasts, when in contact for three days with the PCL composites, presented an APA similar to that observed for the control cells. Nevertheless, for an incubation time of seven days we observed a remarkable decrease in the alkaline phosphatase activity. In conclusion, using the solvent casting and salt leaching method we obtained 3D porous that are composites of PCL, BC and Ang-(1-7), which have suitable shapes for the bone defects, a high porosity and interconnect pores. Furthermore, the viability in vitro showed that the scaffolds have potential for drug delivery system and could be used in future in vivo tests. Keywords: angiotensin-(1-7), composite, scaffold, tissue engineering. 
INTRODUCTION
Current treatment strategies for degenerative diseases and damaged bone tissue include autografts, allografts, xenografts, and artificial materials such as metals and bioceramics [1] . Novel strategies are necessary because of the limitations related to these treatments such as inadequate tissue supply, potential for disease transfer, and compliance issue [2] .
Bone tissue engineering involves methods from materials A biodegradable porous composite scaffold of PCL/BCP containing Ang-(1-7) for bone tissue engineering (Um suporte compósito poroso biodegradável de PCL/BCP contendo Ang-(1-7) para engenharia de tecido ósseo)
engineering and life sciences to create artificial constructs for regeneration of new bone [3] . A key component in tissue engineering for bone regeneration is the scaffold that acts as a template for cell interactions and the formation of boneextracellular matrix that provides mechanical support to the newly formed tissue. Scaffolds for bone regeneration must meet several criteria in order to serve this application, including adequate mechanical stability to provide a suitable environment for the formation of new bone tissue, and biodegradability at a rate commensurate with remodeling. In addition, scaffolds also can act as drug delivery vehicles and promote bone tissue ingrowth through them [4] . Currently, composites of polymers and ceramics have been developed with the purpose to increase the scaffold mechanical stability and improve tissue interactions. Calcium phosphate ceramics have been widely used as synthetic bone graft substitutes for over 30 years in dental and orthopedic surgery to fill bone defects and coat metallic implant surfaces in order to improve implant integration with the host bone. Furthermore, commercial hydroxyapatite (HAP) and β-tricalcium phosphate (β-TCP) have been examined in terms of their suitability as a bone substitute in the clinical setting [3] . However, their clinical applications have been limited because of their brittleness, difficulty of shaping, and the extremely slow degradation rate exhibited by HAp [5] . Moreover, the drug loading on the β-TCP surface takes place by physical adsorption. It is well established that the adsorption capacity is limited, because it mainly depends on the surface area of the material [4] .
The use of a synthetic polymer in bone tissue engineering is an alternative strategy widely used nowadays [6, 7] . The polycaprolactone (PCL), a US food and drug administration (FDA) approved material for craniofacial surgical procedures, is a biocompatible and biodegradable aliphatic polyester, having a low melting point. PCL presents a slow degradation rate (over two years in vivo) and higher elastic modulus when compared to other biodegradable polyesters approved by FDA [8] . In addition, PCL degradation products are easily resorbed through metabolic pathways and do not produce local acidic environments. Thus, it is a prime candidate to be used in bone scaffolding applications [6, 9] . The addition of biodegradable polymers such as PCL to calcium phosphate ceramics would allow better manipulation and control over both the macro-and microstructure in shaping composites to fit bone defects.
Recent clinical studies showed that beta blockers and anti hypertension drugs would reduce the risk of bone fractures in the elderly population. This suggests a possible link between the vascular and skeletal systems [10] [11] [12] .
Angiotensin II (Ang II), a biologically active octapeptide, is a primary effectors of the Renin Angiotensin System (RAS). Ang II mediates hemodynamic, growth, inflammation and metabolic responses in numerous tissues [13] . Osteoblasts and osteoclasts express angiotensin II receptors (AT1 and AT2) in cell cultures [14] . It has been reported that Ang II induces bone resorption, suppresses alkaline phosphatase activity in vitro, and stimulates the proliferation of osteoblasts [13] .
Angiotensin-(1-7) was first discovered more than 30 years ago and since then it has been explored in the context of cardiovascular function [15, 16] . It is well known that it often counteracts the effects caused by angiotensin II [17] [18] [19] . Similar to Angiotensin-Converting Enzymes (ACE) inhibitors, the majority of the effects of angiotensin II type 1 receptor blockers are reminiscent of angiotensin-(1-7) functions, and there are evidences that angiotensin-(1-7) is also involved in angiotensin II type 1 receptor blocker effects. Of note, angiotensin-(1-7) can interact directly with angiotensin II type 1 receptor [20, 21] , leading to the decrease of their functional regulation [22, 23] .
In this study, we obtained highly porous threedimensional biodegradable composite scaffolds from betatricalcium phosphate-hydroxyapatite bioceramic (BCP), PCL and Angiotensin-(1-7). We used the solvent casting and particulate leaching methods (SC/PL). The processed scaffolds were characterized by X-ray microtomography (µ-CT). Biocompatibility tests in vitro were also performed.
MATERIALS AND METHODS

Scaffold processing
PCL scaffolds were obtained by the solvent casting and particulate leaching techniques (SC/PL). These syntheses were performed as described by Mikos et al. [24] with some modifications. Chloroform (Labscan) and NaCl (SigmaAldrich) were used as solvent and porogen, respectively. First, PCL was completely dissolved under stirring in chloroform (0.2 g/mL) at room temperature. The BCP powder (Einco Biomaterial Ltda, BH, MG, Brazil) was then added to the PCL solution. Its mean particle size was 80-100 mesh. The PCL:BCP weight ratio was fitted to 1:0, 1:1, and 3:1. The NaCl particles were separated into diameter classes from 212 to 355 µm, according to procedure proposed by the American Society for Testing Materials (ASTM) (Fisher, USA). About 8 g of the sieved NaCl particles were added to the PCL solution under sonication (60 s) until highly viscous slurry was formed. Next, 1 mL of an angiotensin (1-7) solution (Ang-(1-7)/(HA+PCL)=0.28 mg/mL) was added to the slurry. The obtained solution was then poured into Petri dishes and dried at room temperature for 2 days. After the solvent evaporation was completed, the scaffolds were washed with distilled water for two days in order to dissolve away the porogen. It is worth to mentioning that the distilled water was replaced at each six hours. Lastly, the scaffolds were dried under vacuum for 48 h. Table I presents the composition of the tested experimental groups.
Scaffold characterization
The m-CT tests were performed using the Skyscan 1172 high-resolution desktop X-ray microtomography system. A CCD camera with 2000 × 1048 pixels was used to record the transmission of the X-ray beam through the samples. Three-frame averaging and a rotation step of 0.30° were used, covering a view of 180°. Smoothing and beam-hardening correction steps were applied to suppress noise and beam hardening artifacts The morphological parameters presented in this work were measured after considering one hundred slices along the analyzed volume in the studied samples. The mean values were obtained by considering a 95% confidence interval. It is worth to mention that because the polymer phase is almost transparent to the X-rays, it was not taken into consideration in the µ-CT experiments. Thus, only the ceramic phase was considered.
Biocompatibility tests in vitro
Osteoblasts were isolated from the calvaria of three days old neonatal Wistar rats. The calvaria were dissected and freed from soft tissue, cut into small pieces and rinsed in sterile phosphate-buffered saline without calcium and magnesium. The calvaria pieces were incubated with 1% trypsin-EDTA for 5 min, followed by four sequential incubations with 2% collagenase type II at 37 °C for 45 min each. The supernatant of the first collagenase incubation, which contain a high proportion of periosteal fibroblasts, were discarded. The other digestions produced a suspension of cells with high proportion of osteoblasts. After centrifugation at 1000 g for 5 min, each pellet were resuspended in 5 mL of DMEM (Sigma, St Louis, USA) medium supplemented with 10% fetal bovine serum (FBS) (GibcoBRL, NY, USA) and 1% antibiotic-antimycotic solution (GibcoBRL, NY, USA). The cells were seeded into 25 mL tissue culture flasks, and led to grow in a controlled 5% CO 2 95% humidified incubator at 37 °C. After confluence the cells were used for experiments on passage 2.
MTT and Alkaline Phosphatase Activity assays
The Vybrant ® MTT Cell Proliferation Assay Kit (Molecular Probes, Eugene, OR) was used in order to measure both cell viability and proliferation. The key component of this method is the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT). The MTT agent can react with the tetrazolium ring (produced by mitochondrial dehydrogenases of living cells) to produce a blue formazan product which can be measured spectrophotometrically. The amount of formazan produced is proportional to the number of viable cells present in the media. In this process 10 4 cells well -1 were cultured in 96-well plates. After 24 h of incubation, the culture medium was aspired from the cells and replaced by100 µL of fresh medium containing the composite, the positive control, or the empty vector (blank). The positive control used in this test was lauryl sulphate. After three and seven days, the composites were removed and the cells were rinsed three times with phosphatebuffered saline (PBS) in order to eliminate non-viable cells. Next, 100 µL well -1 of fresh culture medium was replaced by 10 µL of 12 mM MTT stock solution (PBS : MTT = 1 mL : 5 mg). The cells were incubated at 37 °C for 4 h to allow the formazan crystal formation.
After incubation, the supernatant was removed and 100 µL of the SDS-HCl solution (0.01 M HCl : SDS = 10 mL : 1 mg) was added under shaking to each well in order to dissolve the formazan crystals. The absorbance was measured in a Thermo Scientific Multiskan ® Spectrum, using a test wavelength of 570 nm. The results from eight individual experiments were averaged. The viability reduction (Viab.) of a given culture cell when compared to the empty vector was estimated by the equation:
where OD 570c and OD 570b are the measured optical densities for the composites and the blanks, respectively. The lower is the Viab. value, the higher is the cytotoxicity of the culture cell [24] . The alkaline phosphatase production was evaluated by BCIP-NBT assay. This assay is based on a chromagenic reaction initiated by the cleavage of the phosphate group of BCIP by alkaline phosphatase present in the cells. This reaction produces a proton which reduces NBT to an insoluble purple precipitate. Briefly, the supernatant of each well was removed and the cell layer was rinsed twice with PBS. Then, 200 μL of BCIP-NBT solution, prepared as manufacturer protocol, was added to each well. After 2 h of incubation, the cells were observed by optical microscopy and the insoluble purple precipitates were solubilized with 210 μL of SDS 10% HCl and incubated for 18 h. The optical density measurement was done at 595 nm. Both the MTT activity and alkaline phosphatase activity were evaluated using a one-way ANOVA. Ranking of the means was performed using the Bonferroni multiple-comparison test. P values lower than 0.05 were considered statistically significant.
RESULTS
Structural morphology
Figs. 1 and 2 show the three-dimensional reconstructions of samples obtained using PCL:BCP weight ratios of 3:1 and 1:1, respectively. From these images one observes that the organic solvent used to dissolve PCL could not effectively disperse the BCP particles. Thus, the BCP particles have agglomerated into larger secondary aggregates. In Table II it is shown the main morphological parameters measured for the analyzed samples. We observed that the increase of the PCL:BCP weight ratio leads to a structure with a lower MPS (mean pore size).
The object perimeter / area ratio (OPAR) is a basic parameter in characterizing the complexity of a structure. According to Frisullo et al. [25] , this parameter indicates the pore size distribution within the solid; the higher the value, more finely distributed are the pores within the sample. We noticed that the increase of the PCL:BC weight ratio leads to a structure with a higher value of OPAR. This observation matches with the lower MPS measured for the scaffold obtained using a PCL:BCP weight ratio of 3:1. V V is the volume fraction of the ceramic phase. Increasing the aforementioned ratio leads to the decrease of the volume fraction of the ceramic phase.
The fragmentation index (FI) is an inverse index of connectivity and it is a measure of the relative convexity or concavity of the pores [26] . It was originally applied by Hahn et al. [27] to 2D images of trabecular bone. A low FI value signifies better-connected solid lattices and has a negative index. On the other hand, a high FI indicates a more disconnected structure and has a positive index [27] . We noticed that both analyzed samples present disconnected structures, with close values of FI. However, it is worth to stress that the polymer phase was not taken into consideration in the µ-CT tests.
The fractal dimension (FD) is an indicator of the complexity of a structure, which quantifies how that structure fills space. A fractal object tends to fill up space and its dimension value is not an integer. Based on this concept, some researchers have proposed that different aspects of the microstructure of materials can be described as a fractal. With regard to porosity, FD informs us about the spatial distribution of pores within the sample [28] . There are many specific definitions of fractal dimension and the computational ways to obtain them vary considerably [29, 30] . In the software used (CTAnalyzer), FD is calculated using the Kolmogorov or "box counting" method. Since the morphological parameters presented in this work were measured after considering a series of slices along the analyzed volume for all samples, FD must lie between 1 and 2. As shown in Table II , the higher the PCL:BC weight ratio, higher is FD. Fig. 3 shows the amount of viable cells of the composites determined by the MTT assay after incubation times of three and seven days. The amount of viable cells at three and seven days of incubation significantly depends on the content of the Ang-(1-7) (p < 0.05). We observed that the A1 and B1 groups exhibit lower cell viability than C1. It is worth to point out that the presence of the Ang-(1-7) has decreased the measured amount of viable cells in all analyzed culture media.
MTT and Alkaline Phosphatase Activity assays
The alkaline phosphatase production of the osteoblasts in presence of the Ang-(1-7) composites was similar to that observed for the control cells (Fig. 4) . The osteoblasts, when in contact for three days with the PCL composites, also presented an alkaline phosphatase production similar to that observed for the control cells. For an incubation time of seven days, the A1 and B1 groups exhibit significantly lower alkaline phosphatase production than A, B, C1 and the control sample.
DISCUSSION
The complex architecture and variability of properties of bone tissue (e.g. porosity, pore size, mechanical properties and cytokines gradient features), as well as differences in age, nutritional state, activity and disease status of individuals, establish a major challenge in fabricating scaffolds that meet the needs of specific repair sites in specific patients [31] . A key issue to compensate the complexity of bone tissue is to achieve a fast replacement of bone substitute with new mature bone. In this work an organic-inorganic composite material suitable for bone tissue engineering and based on BCP, PCL and angiotensin-(1-7) was studied. Therefore, the strategy of obtaining highly porous three-dimensional scaffolds from biphasic ceramics and degradable polymers is a promising method to develop composite systems for application in hard tissue regeneration [2] . PCL is a semi- § represents the significant difference between A1 and C1 during three days; ** represents the significant difference of the composite A1 compared with all others during seven days; ++ represents the difference between B1 and C1, and § § represents the difference between C and C1). crystalline, bioresorbable polymer which belongs to the aliphatic polyester group. It is well known for its slow degradation rate [6] . Because of this property it has been widely used in several clinical applications, including as temporary joint spacer and matrix in the fabrication of composite bone substitutes [9] . According to LeGeros [32] β-TCP is a bioactive and biocompatible ceramic that has a stoichiometry similar to amorphous biological precursors to bone. It is protein free and elicits minimal immunological and foreign body reactions. In addition, calcium phosphates also posses osteoconductive abilities and can bind directly to bone. The presence of BCP in the composite material beneficially offsets the acidic release from the PCL through the alkaline calcium phosphate and mitigates erosion events associated with the release of acidic degradation products. In vivo and in vitro measurements of pH in bone chambers have shown that the pH drop is about 0.2 near the eroding polymer [2] . The BCP provides mechanical anchorage for osteoblastic cells and a more favorable surface for cell attachment, which determines the ability of the material to support bone ingrowth or to act as a biological template [3] . A bone tissue engineering scaffold should be able in some cases to provide mechanical support at the implantation site for up to a year postoperatively [6] . During this time, neo-tissues would ingress the site, form neo-bone and remodel. In this study, PCL scaffolds intended for use in bone tissue engineering were obtained by solvent casting and particulate leaching techniques. This combined method has been reported to be a promising method to obtain porous structures suitable for bone tissue engineering [9] . As an apatite/ polymer composite, the PCL/BCP we obtained mimics the components of natural bones, were BCP is distributed in the PCL matrix (see Figs. 1 and 2) .
The porosity can be defined as the amount of void space in a solid and it is a geometrical property independent of the material. According to Karageorgiou and Kaplan (2005) [33], the minimum requirement for pore size is considered to be 100 µm due to cell size, migration requirements and transport. However, pore sizes greater than 300 µm are recommended, due to the improved formation of new bone and capillaries [34] . According to Chuenjitkuntaworn et al. [6] , excellent ingrowth of bone cells has been observed in scaffolds with pore sizes greater than 400 µm. As presented in Table II , the µ-CT tests revealed mean pores sizes of about 486 ± 37 and 571 ± 23 µm. Because of vascularization, pore size has been shown to affect the progression of osteogenesis. Small pores favored hypoxic conditions and induced osteochondral formation before osteogenesis, while large pores, that are well vascularized, lead to direct osteogenesis (without preceding cartilage formation). Our results on the scaffold porosity do not agree with those obtained by Chuenjitkuntaworn et al. [6] . They showed that the addition of BC particles in PCL scaffolds did not affect the scaffolds porosities. Pores are necessary for bone tissue formation because they allow migration, proliferation and ALP activity of osteoblasts and mesenchymal cells [7] .
Nevertheless, pore diameter is not the only one important parameter in an experimental setting; other parameters, including implant chemistry, implant topography, resorption and pore interconnectivity must be considered.
It was proposed by some researchers that in resorbable materials, pore density and interconnection density are more important than pore size [31, 33] . Thus, an incomplete pore interconnection could constrain the overall biological system and limit the blood vessel invasion, which is essential for tissue ingrowth into the porous scaffolds [35] . According to Bohner and Baumgart (2004) [36] , bone ingrowth should not be affected by the pore diameter as long as the structure is fully interconnected and the pore interconnections have a diameter larger than 50 µm. Although the increase of both porosity and pore size induce bone ingrowth, it compromises the structural integrity of the scaffold [30, 36, 37] .
Based on the results presented in this study, we believe that the lower is the fragmentation index, the higher is the osteogenic differentiation in vitro (ALP activity). ALP activity is an important parameter to measure the osteogenic differentiation [38] . However, we observed that both samples analyzed by µ-CT presented close values of FI and no considerable differences in the ALP activity (see Fig. 4 ). This may be related to the hydrophobic character of BCP and PCL, which results in a non-homogeneous distribution of the BCP particles within the PCL matrix. Organic solvents normally used to dissolve PCL could not effectively disperse the BCP particles [38] . Therefore, the BCP particles have agglomerated into larger secondary aggregates (see Figs. 1 and 2 ). These BCP agglomerates act as a source of failure, decreasing pore interconnectivity. On the basis of these results we should used a surfactant to mediated the interaction between the hydrophilic BCP and the hydrophobic PCL, to create a homogeneous dispersion of BCP particles within the polymer matrix [39] .
Schlienger et al. [40] observed that the long term use of angiotensin-converting enzyme (ACE) inhibitors is associated with a decrease in the risk of bone fracture. However, the actual mechanism by which ACE inhibitors influence bone mass is not well understood. Some researchers believe that this therapeutic effect takes place due to the deacrease of angiotensin II levels [41] . Angiotensin (Ang II) is a biologically active octapeptide, and a primary effector RAS. It mediates hemodynamic, growth, the inflammatory process, and the metabolic response in numerous tissues, including the heart, arteries, liver, bone and kidney. This compound acts through two distinct subtypes of cell-surface receptors, the AT1 and AT2 receptors, while osteoblasts express both receptors [14, 42] .
The AT1 receptor is required for Ang II induced IL-6 secretion in osteoblasts. IL-6 plays an indispensable role in bone metabolism, which is regulated by a balance between bone formation and resorption by the osteoclasts. IL-6 is recognized to act as a bone resorbing factor, inducing osteoclast formation and stimulating bone resorption [13] . It is well established that Angiotensin-(1-7) often counteracts the effects caused by angiotensin II. This makes this compound an important study subject in both experimental and pharmacological areas [43] .
There is now a model concept about the RAS which has been established in human and rat. This concept says that the RAS has two axes, the angiotensin-converting enzyme (ACE)-AngII type (AT) 1 receptor axis and the angiotensin-converting enzyme-related carboxypeptidase (ACE 2)-Ang-(1-7)-Mas axis. The former axis performs the vasoconstrictive, proliferative and pro-inflammatory functions through the major player AngII, the latter axis always counteracts on the effects of former through the major effector, Ang-(1-7). Ang-(1-7) inhibit a lot of process stimulated by Ang II, such as vasoconstriction, proliferation of osteoblast-rich populations of cells, prothrombogenic actions and fibrogenic responses [42, 44] . All of those process stimulated by Ang II are mediated by AT 1 receptor, and Ang-(1-7) takes inhibitory effects via a specific receptor, the G-protein-coupled receptor Mas [38] . The Mas receptor is reported to antagonize AT1 receptor through the formation of a hetero-oligomeric complex in cultured mammalian cells [45, 46] . The present study clearly demonstrates a negative correlation between cell proliferation and Ang-(1-7) content (see Fig. 3 ). However, this negative correlation doesn't characterize the citotoxic level [47] and could be used in vivo tests.
CONCLUSION
In conclusion, we obtained by the solvent casting and particulate leaching methods highly porous threedimensional biodegradable scaffolds from beta-tricalcium phosphate-hydroxyapatite bioceramic (BCP), PCL, and Angiotensin-(1-7). The obtained scaffolds presented suitable forms for filling bone defects. Furthermore, the in vitro tests revealed that the processed scaffolds have potential for use in drug delivery systems.
